Three enzymes contribute to the total hydroxylamine reductase activity of corn (Zea mays L.) scutellum extracts. Two of these resemble enzymes previonsly prepared from leaves, while the third, which accounts for a major part of the activity, appears to have no counterpart in leaf tissue. One of the hydroxyamnine reductases found only in small amounts is associated with nitrite reductase and is induced, together with nitrite reductase, by nitrite. The other two enzymes are noninducible by nitrite and can be totaBy separated from nitrite reductase, which subsequently remains capable of catalyzing the reduction of nitrite to ammonia. Possible causes of the decine of hydroxylamne reductase activity during the induction of nitrite reductase are discsed.
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Nitrite reductase from leaves of vegetable marrow and spinach catalyzes the reduction of nitrite to ammonia stoichiometrically even after most of the hydroxylamine reductase activity is removed (10, 13) . The enzyme is a single protein able to transfer all six electrons required for the reduction of nitrite (4, 18) . The presence of a separate hydroxylamine reductase is not required for complete reduction of nitrite to ammonia. Several enzymes able to reduce hydroxylamine have been extracted from leaves, but their physiological significance is not understood. In some cases hydroxylamine reductase activity is associated with another enzyme, e.g, with nitrite reductase (9) or with sulfite reductase (2, 19) . By contrast, one of the hydroxylamine reductases from vegetable marrow leaves (designated HR2) exists without known relationship to any other enzyme (13) .
In the course of studies of nitrite reduction in nongreen tissues, a process which must be presumed to differ fundamentally in nature from that of chlorophyllous tissue (3, 12) , it was discovered that corn scutellum extracts possess high activities of hydroxylamine reductase. The present paper describes the enzymes involved and attempts to show their relationship to the leaf enzymes and to the process of nitrite reduction.
MATERIALS AND METHODS
Com seeds (Zea mays L. var. Ohio 43 x B14) supplied by Crows' Hybrid Corn Co., Milford, Ill., were treated for 45 min in 0.2% (v/v) sodium hypochlorite (Clorox). Seventy disinfected seeds were germinated at 30 C on paper towels in glass trays (34 x 22 x 4 cm). Nutrient solution (100 ml) (12) trate. Seedlings were harvested after 4 days, when the shoots were about 4 cm in length. The scutellum was removed from each seed by hand.
Nitnrte reductase was induced by immersion of the excised scutella in a solution containing 50 mm potassium phosphate and 1 mm sodium nitrite adjusted to pH 5.5 with KOH. In some experiments the induction medium was 50 mm potassium phosphate, 5 mm ammonium chloride, and 30 mm potassium nitrate at pH 4 (6) . The vessels used for induction were as described by Elsner (6) but modified to provide for continuous renewal of the induction medium. The excised scutella (2-10 g per vessel) were circulated in the solution by air pumped through each vessel by means of a Buchler four-channel Polystaltic pump at a rate of 120 ml/hr. By this means four vessels could be arranged in parallel.
The assay for nitrite reductase was similar to the method of Miflin described elsewhere (12) . Hydroxylamine reductase was assayed by adding enzyme extract (20 Al-0.2 ml) to a mixture of 0.1 ,umole of potassium phosphate, pH 7.5, 0.5 ,imole of hydroxylamine hydrochloride, and 1.1 ,umoles of benzyl viologen. The reaction was started by 0.5 ml of sodium dithionite (7.2 mg/ ml in 50 mm potassium phosphate, pH 7.5), giving a final volume of 3 ml. The disappearance of hydroxylamine after 5 to 20 min of incubation at 30 C was measured by assaying 0.25-ml aliquots of the reaction mixture by a method described below.
A simple and sensitive small scale version of the hydroxylamine reductase assay was used for locating the enzyme in column eluates. The reaction mixture comprised 0.1 ml of extract, 10 ,umoles of potassium phosphate, pH 7.5, 100 nmoles of hydroxylamine hydrochloride, and 220 nmoles of benzyl viologen in a total volume of 0.3 ml. Sodium dithionite (0.1 ml of the solution described above) was added to start the reaction. After 5 to 20 min, the reaction was stopped by the addition of 5.5 ml of 17 mM potassium phosphate, pH 8.5. The air dissolved in this buffer was sufficient to reoxidize the reduced benzyl viologen. The tubes were agitated for 10 sec by means of a Vortex mixer (Scientific Industries, Springfield, Mass.). Hydroxylamine was determined in this solution by the addition of iodine (1 ml of aqueous solution containing 1.87 g of I2 in 0.56% [w/v]KI), sodium arsenite (1 ml of 0.8% [w/vJ solution) followed by 2 ml of a mixture containing sulfanilamide (0.5% [w/v], 10 mm N-(1-naphthylethylenediaminehydrochloride, and (1.5 N) HCI. This method is slightly modified from the one described by Hewitt and Nicholas (11) . The absorbance at 540 nm was determined after 10 min. Ammonia was estimated by the microdiffusion method of Cedrengalo et al. (5) , except that ammonia was expelled from the sample by the addition of 1 ml of saturated potassium carbonate, and the bottles were rocked not rotated. The Russell method (17) for the colorimetric determination of ammonia was used instead of the Nessler method described by Cedrengalo et al. (5) . Total protein was assayed by the method of Lowry et al. (15) .
To extract the enzymes, scutella were homogenized in 4 volumes of extraction medium in a VirTis homogenizer for 1.5 min at 0.5 line voltage. The extraction medium was 25 mm potassium phosphate, 5 mm EDTA, and 1 mm cysteine hydrochloride, adjusted to pH 8.8. The homogenate was filtered through four layers of muslin and centrifuged for 30 min at 27000g. Chromatography on Sephadex G100 was carried out as described by Andrews (1) . Chromatography on DEAE-cellulose was carried out as follows. The centrifuged homogenate prepared as above was desalted by dialysis against 20 mm potassium phosphate (pH 7.7). This extract was then adsorbed on a column of DEAEcellulose (Cellex D, Bio-Rad Laboratories, exchange capacity 0.76 meq/g), height 15 cm, diameter 1.7 cm, and bed volume 34 ml. The column was eluted with a linear gradient of sodium chloride in 20 mm potassium phosphate buffer (pH 7.7) passing from a chloride concentration of 0 to 0.2 M in an elution volume of 150 ml. The running speed for the column was 25 ml/hr. All operations were carried out a 0 to 4 C, and 0.1 mM DTT added to all extracts and buffers after the initial homogenization.
Ferredoxin was prepared from leaves of Datura stramonium L. as previously described (12) . (Fig. 1B) were obtained. These enzymes (NiR, and NiR2) have been described in another paper (12) . Two peaks of hydroxylamine reductase activity also eluted from the column (Fig.  1) . The second of these (peak B) may be regarded as the principal hydroxylamine reductase of the scutellum in terms of activity, and is benzyl viologen-dependent (Table I) . Peak A, which probably represents a mixture of heme proteins, shows hydroxylamine reductase activity in the absence of benzyl viologen, i.e. with dithionite as the sole electron donor. In addition, a small amount of hydroxylamine reductase activity is associated with the nitrite reductase peaks especially NiR2. For routine separations of nitrite and hydroxylamine reductases a simplified procedure was devised in which crude extract was adsorbed directly after centrifugation on a column of DEAE-cellulose and enzymes eluted with a linear chloride gradient, i.e. the method was as described above except that the steps involving concentration and molecular exclusion chromatography were omitted.
RESULTS

Separation
Contribution of Various Hydroxylamine Reductases to Total
Activity of Crude Extract. The activities of the benzyl viologen-HR ( Fig. 1, peak B ) and the dithionite-HR (peak A) after a single purification step (DEAE-cellulose) are commonly in the ratio 2:1. The benzyl viologen-dependent enzyme, however, is unusually labile and its recovery from ion exchange chromatography is poor. The above ratio, therefore, gives a misleading representation of relative activities. A better estimate can be obtained by making use of the differing electron-donor requirements of the two enzymes and assaying the crude scutellum extracts. The activity of the benzyl viologen-HR is then found to be 96% of the total (peak A + peak B).
In the preceding paragraph, hydroxylamine reductase activity associated with nitrite reductase has been neglected. This is acceptable when extracts from plants grown with ammonia are considered, since these contain little nitrite reductase, and hydroxylamine reductase from this source is not more than 0.5% of the whole. This percentage increases to a maximum of 5% when nitrate-grown plants are used.
Comparison with Leaf Extracts. Maize leaf extracts, fractionated on a column of DEAE-cellulose by the same techniques used for scutellum extracts, show a peak of hydroxylamine reductase activity with chromatographic and spectrophotometric characteristics similar to the dithionite-HR (peak A) from scutellum. A very slight hydroxylamine reductase activity was associated with nitrite reductase in either tissue. The outstanding difference between the two types of tissue was the presence in scutellum extracts of a very active benzyl viologen-hydroxylamine reductase completely separable from nitrite reductase. This enzyme was not detected in leaf extracts. Inhibitors. Cyanide severely inhibited hydroxylamine reduction, whereas EDTA was noninhibitory. Another organic chelate -diethyldithiocarbamate -inhibited the reaction. The enzyme probably contains a -rather tightly bound metal. The sulfhydryl inhibitor, p-chloromercuribenzoate, was also inhibitory. Partial protection was afforded by glutathione (Table II) .
The enzyme was not inhibited by nitrite at concentrations of up to 5 mm, even after contact for 2 hr. This lack of sensitivity differs from the inhibitions observed with hydroxylamine reductases from other higher plant materials (10) , and from the dithionite-HR of scutellum. The Stoichiometry of Nitrite Reduction in Absence of Hydroxylamine Reductase. The separation of two nitrite reductase enzymes from corn scutellum extracts by chromatography on DEAE-cellulose has been described (12) . Relatively impure preparations of both enzymes, which may still have possessed hydroxylamine reductase activity, were shown to catalyze the stoichiometric reduction of nitrite to ammonia. In the following purification experiment, the principal objective was to identify the product of nitrite reduction after further removal of hydroxylamine reductase activity.
Scutella (45 g) were removed from 4-day-old seedlings grown with nitrate as nitrogen source. The tissue was homogenized with Nitrite Reductase 2. The solution formed by bulking the fractions containing nitrite reductase 2, obtained from the first DEAE-cellulose column, was adjusted to pH 6.8, and adsorbed on a column of hydroxyl apatite (dimensions and equilibration as above). The column was washed with 15 ml of 0.05 M phosphate buffer (pH 6.8), and the enzyme eluted with the same buffer at a concentration of 0.08 M.
Product of Nitrite Reduction. The yield of ammonia from the nitrite reductase reaction represented 90 to 100% of nitrite loss (Table III) . While the purification did not yield homogeneous nitrite reductase enzymes, it was sufficiently thorough to remove the contaminating hydroxylamine reductase (Table IV) . Attempts to purify the nitrite reductase enzymes more highly were frustrated by the limited amounts of tissue available and the lability of the enzymes. The rather complete conversion of nitrite to ammonia suggests that the nitrite reductase enzyme can convert nitrite to ammonia without the formation of a free interme- The enzyme preparations used were those obtained from elution of an hydroxyl apatite column following acetone precipitation and DEAEcellulose chromatography (Table II) Induction of Nitrite and Hydroxylaine Reductases by Nitrate or Nitnte. In the following experiments corn scutella were removed from 4-day-old seedlings, which had been germinated in solutions containing ammonia as nitrogen source, and placed in highly aerated induction media. Enzyme activities were measured at various times during the induction process. Nitrite reductase could be induced by nitrate or by nitrite, and required at least 7 hr induction to reach maximal activity. By contrast, nitrate reductase induced by nitrate reached its maximal activity in about 4 hr (6) with subsequent rapid loss of activity. In the case of nitrite reductase induction in response to nitrate it is not clear whether the inducing ion was nitrate or nitrite (produced by nitrate reductase action) or both ions operating simultaneously. The corn scutellum tissue has an appreciable level of nitrite reductase activity before induction (an observation also made for barley aleurone layers by Ferrari and Varner (7) . In 7 hr induction, the activity commonly increased 5-or 6-fold.
Induction of nitrite reductase (Fig. 3 ) was detectable at a concentration of 0.05 mm nitrite and was optimal at approximately 1 mm nitrite and was optimal at approximately 1 mm. A pH of 5.4 was chosen for inducing the enzyme, although a further small increase in efficiency of induction could be attained by lowering the pH to 4, but the tissue visibly discolored under these latter conditions. Virtually no induction was seen at pH 7. Scutella from seedlings grown in nutrient solutions containing Scutellum Enzymes before and after Induction with Nitrite Scutella were aerated in a continuously renewed solution of 30 mm sodium nitrite and 50 mm potassium phosphate, pH 5.5. After 7.5 hr the scutella were homogenized, the nitrite and hydroxylamine reductases were separated by DEAE-cellulose chromatography, and their activities were assayed (0.1-ml aliquots for 10 min). Comparisons with enzymes from noninduced scutella are shown. Hydroxylamine reductase A is the dithionite-HR, while hydroxylamine reductase B is the benzyl viologen-HR. The coding of the enzymes is as given in Fig. 1 nitrate or ammonia have high activities of hydroxylamine reductase without recourse to inductive procedures. The ratio of hydroxylamine reductase to nitrite reductase in crude extracts of scutella from ammonia-grown plants is 20:1 to 40:1. During induction with nitrite, the hydroxylamine reductase activity declines (Figs. 2 and 3 ). In these experiments ammonium sulphateprecipitated extracts were used and the assay did not distinguish between the various hydroxylamine reductases although the benzyl viologen-HR, which is the major (95%) component, was assumed to be the enzyme principally affected by nitrite induction. Fractionation of extracts from induced and noninduced scutella by means of a DEAE-cellulose column confirmed this ( Table V) and showed that the decline in HR activity is a complex phenomenon which can be analyzed as follows. (Table VI) . The decline of hydroxylamine reductase activity during the induction period is hastened by the presence of the cycloheximide (Table VI) .
DISCUSSION
The hydroxylamine reductase activity of corn scutellum extracts can be fractionated into three parts by chromatography on DEAE-cellulose (Fig. 1) . The major fraction (peak B) is apparently not present in leaf extracts, while the two less active components have characteristics in common with hydroxylamine reductases which have previously been isolated from leaves. One of the latter enzymes (peak A), which does not require benzyl viologen for its activity, appears to resemble an enzyme (HR2) previously prepared from marrow leaves (13, 14) . The other enzyme is associated with the main peaks of nitrite reductase, and corresponds in type to hydroxylamine reductase (HR,) of marrow and spinach leaves (10) . In the following discussion, the enzymes are listed in the order of their elution from DEAEcellulose. (a) This hydroxylamine reductase is an essential intermediary in the conversion of nitrite to ammonia. The enzyme is almost totally separated from both nitrite reductase enzymes by gradient elution from DEAE-cellulose (Fig. 1) . Following separation, the nitrite reductases retain their capacity to catalyze the reduction of nitrite to ammonia stoichiometrically (Tables III  and IV) . Apparently then, this hydroxylamine reductase is not directly concerned with the nitrite assimilation process.
(b) The enzyme is a degradation product of nitrite reductase. The possibility considered here is that a nitrite reductase which normally mediates a conversion from the +3 state of oxidation (nitrite) to the -3 state (ammonia) might, through damage sustained during extraction or purification, retain only the capacity for catalyzing the conversion from the -1 state (Hydroxylamine) to the -3 state (ammonia). The relative inability of the undamaged nitrite reductase to handle hydroxylamine as substrate seems to render this theory improbable. The existence of the hydroxylamine reductase in ammonia-grown tissues prior to the induction of nitrite reductase (Figs. 2 and 3 ) seems to eliminate the possibility altogether.
(c) The enzyme is a precursor of the nitrite reductase. The possibility exists that a conversion of hydroxylamine reductase to nitrite reductase occurs during induction of the latter. Support for this idea is provided by the complementary relationship between the two enzymes during the induction period (Fig. 2) and over a range of concentrations (Fig. 3) . Experiments with cycloheximide, however, argue against interconversion. The prevention of the induction of nitrite reductase by this inhibitor (Table VI) suggests that nitrite reductase is synthesized de novo.
If this is the case, conversion of hydroxylamine reductase (mol wt = 33,000) to nitrite reductase (mole wt = 63,000) must be assumed to occur by the de novo synthesis of a segment of protein and its subsequent addition to the hydroxylamine reductase. If nitrite reductase synthesis depended upon interconversion, suppression of the induction of this enzyme by cycloheximide should be accompanied by a concomitant arrest of the decline in hydroxylamine reductase activity. In fact, the decline in activity is accelerated (Table VI) .
(d) The nitrite reductase and hydroxylamine reductase are not related in any direct way.
Logically, the nitrite reductase enzymes described in this paper, because of their inducibility by nitrate or nitrite, must be regarded as genuine components of the nitrate assimilatory system, whereas the hydroxylamine reductase, which is present in plants grown with ammonia as nitrogen source, could conceivably be involved in some other process. Possibly hydroxylamine is not its physiological substrate. However, the enzyme is not a sulphite reductase, and did not reduce several other compounds containing -NOH or -NHOH groups.
The decline of hydroxylamine reductase activity during induction of nitrite reductase would be accounted for if hydroxylamine reductase were inhibited irreversibly by the nitrite ion or by free nitrous acid, since nitrite concentration rises temporarily during induction (Table VI) . The accelerated decline of hydroxylamine reductase activity when cycloheximide is present during the induction period (Table VI) would be very satisfactorily explained in the same way, since the presence of this inhibitor causes a large increase in nitrite concentration in the tissue due to its suppression of nitrite reductase synthesis. Although other higher plant hydroxylamine reductases are sensitive in vitro to nitrite inhibition (10) , this particular enzyme is not appreciably inhibited by concentrations of nitrite as high as 5 mm at pH values as low as 5.5. This concentration of nitrite is in 10-fold excess of the overall concentration observed in the scutellum tissue during induction. Nitrite inhibition of HR activity is unlikely, therefore, to be the cause of decline of this enzyme during nitrite reductase induction. A further possible cause is interference by nitrite with synthesis of hydroxylamine reductase; de- cline in level of the enzyme in the presence of cycloheximide suggests that it is undergoing rapid synthesis and breakdown. It is necessary to assume, in this case, that the half-life of the enzyme is almost as short as--that reported for ornithine carboxylase (16).
3. Hydroxylamine Reductase Associated with Nitrite Reductase Peaks. The two nitrite reductase peaks, especially the second one to elute from a DEAE-cellulose column, are both associated with a small amount of hydroxylamine reductase activity (Fig. 1 ). This appears when the nitrite reductase is induced by nitrite ( Table V) , suggesting that the nitrite reductase is not totally specific for nitrite but has a small capacity for reducing hydroxylamine. The ratio of activities (HR-NiR) is very much less for corn scutellum enzymes than for those extracted from the leaves of marrow and spinach (10) where ratios approaching unity were found.
